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Abstract 
It is generally assumed that the surface of a Newtonian fluid begins to move at any arbitrarily small shear stress. However, 
specially designed experiments show that under real conditions the fluid flow can be initiated by a particular (threshold) 
stress, whose value increases rapidly with decreasing surface area of the fluid. At subthreshold shear stresses generated by the 
surface forces or volumetric flows, the fluid surface remains immovable. Such a behavior of the surface is explained by the 
existence of an adsorption layer formed by the uncontrolled surface-active impurities contained in the fluid. The composition 
and amount of impurities absorbed by the surface are dependent on the degree of purification of the fluid and its surface ten-
sion value. The most accurate theoretical description of the behavior of a Newtonian fluid in the presence of the adsorption 
layer can be obtained by introducing a free surface showing the Bingham properties. 
In this study, we performed a series of experiments in order to analyze the peculiarities of the fluid flow developed under such 
conditions. As an example, we investigated the appearance of the oscillatory mode of the solutal convection near a stationary 
bubble. In the experiments, the bubble was placed in a horizontal channel of small cross-section filled with an aqueous solu-
tion of a surfactant with non-uniform concentration. As a surfactant, we used several monoatomic alcohols, which made it 
possible to investigate the influence of their physicochemical characteristics, such as their surface activity and solubility in 
water. These characteristics affected the frequency of occurrence of the capillary convection near the bubble, convection in-
tensity, the ratio of predominance of the capillary to buoyancy flow times, duration of the oscillatory mode, the threshold 
stress value, and the relevant critical Marangoni number. 
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1. Introduction 
In the case of the Marangoni flow, a fluid under the action of the capillary forces flows toward the region of 
higher surface tension , in particular, toward the region with a lower content of a surfactant. Since Newtonian 
fluids by definition have zero initial shear modulus, it is generally supposed that its surface is set to motion by an 
arbitrarily small gradient of the surface tension occurring on the surface. At the same time some experiments 
have reveled a delay in the development of the capillary convection [1, 2]. A threshold nature of the Marangoni 
convection is also observed in the case when the surfactant distribution along the interface is initially inhomoge-
neous [3]. All the fluids in experiments mentioned above were the Newtonial fluids, so it can be logically con-
cluded that the abnormal behavior of their free surface is related to the rheological properties of this surface. The 
main reason for the appearance of such properties is the adsorption film formed by the uncontrolled surface-
active impurities. The composition and quantity of these impurities is defined by the extent of preliminary purifi-
cation of the fluid and cuvette cleaning. 
Since uncontrolled impurities deposit on the cuvette walls as water is discharged from the cuvette, their con-
centration increases with each experiment. After subsequent filling of the cuvette they again emerge onto the free 
surface of the fluid, so the surface properties is constantly changing from test to test thereby reducing the repeat-
ability of tests [4, 5]. 
Of primary interest are uncontrolled impurities, which remain in highly purified water [6, 7]. To detect such 
substances we applied the liquid–liquid extraction technique based on the organic solvent followed by gas chro-
matography of the extracting agent using the Agilent 6890N/5975B chromatograph-mass spectrometer. 
The analysis of chromatograms showed that for water the uncontrolled impurities represent a large group of 
high-molecular organic compounds weakly soluble in water and having low surface tension. Among the detected 
substances the alkanes (saturated hydrocarbons – the outcome of the chemical and oil refining industry) and 
phthalates (plasticizers used in plastics production) prevail. The total concentration of the identified uncontrolled 
impurities was 3 nano grams per one milliliter. Note that the real concentration of the uncontrolled impurities can 
be much higher because the chromatography was carried out at the evaporator temperature of 300 , at which a 
part of low-molecular impurities may decompose. 
The experiments, investigating the onset of the Marangoni convection initiated by a drop of a surfactant solu-
tion placed on a free horizontal surface of water [7], showed that the uncontrolled impurities mentioned above 
form the so-called “solid” adsorption film exhibiting elastic properties [8]. Under such conditions the capillary 
motion occurs only in the case of applying a rather high shear stress capable of removing film from a part of the 
fluid surface by way of its deformation or destruction. It was shown that the threshold value of the introduced 
surfactant concentration decreases with an increasing level of water purification. The substitution of water for the 
aqueous solution of the same surfactant diminishes the threshold value (monoatomic alcohols used as surfactants 
in experiment are good solvents for most of the organic compounds). The growth of the surface activity of alco-
hol with the length of its molecule also reduces the threshold value. It has been found that the threshold value 
rapidly grows with a decrease in the characteristic dimensions of the free surface, which also speaks for the elas-
tic behavior of the adsorption film of the uncontrolled impurities. Qualitative agreement between the results of 
experiment and numerical simulation of the Marangoni convection has been obtained in the case of the Bingham 
viscosity of the surface phase [6]. 
It is of interest to note that, Levich [9] was the first who came up with a proposal that the uncontrolled impuri-
ties are able to impart non-Newtonian properties to a liquid surface. Thus, V.G. Levich and A.N. Frumkin were 
inclined to relate the dependence of the velocity of a sinking drop on its size (observed in the experiments of 
V. Bond [10, 11]) to the adsorption of impurities from the surrounding fluid. Later their supposition was substan-
tiated by experiments of A.V. Gorodetskaya who experimentally investigated the rising of an air bubble in water 
having different degrees of purification [12]. It was found that the velocity of bubbles in water subjected to dou-
ble distillation was an order of magnitude higher than in the tap water. 
The objective of our work is to investigate the onset of the oscillatory modes of the solutal Marangoni convec-
tion in solutions of monoatomic alcohols and to support the conclusion about its threshold development on the 
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surface of small area. We are also compare the results of our study with the basic statements of the Levich-
Frumkin theory. 
2. Experimental technique 
The oscillatory modes of the solutal convection were investigated using as an example the development of 
motion near the surface of a immovable air bubble placed into a narrow horizontal rectangular channel filled with 
inhomogeneous surfactant solution. The structures of flows and concentration fields were visualized with the 
Fiseau interferometer (Fig. 1 ). It should be noted that such flows were indirectly detected in [13] and later were 
investigated in works [3, 14]. 
As an experimental cuvette we used a vertical Hele – Shaw cell formed by two closely spaced parallel glass 
plates (Fig. 1b). A horizontal channel created inside the cell was 35 mm long, 2.4 mm high and 1.2 mm thick. 
One end of the channel opened into the working space of the cell and the other was blocked off by a gas bubble. 
Before the experiment, the cell was filled with water and an air bubble was injected into the channel. Then part of 
water was discharged through the pipe 4 and the vacant space was filled with an aqueous solution of alcohol of a 
given concentration. Finally, this resulted in the formation of a stable system consisting of water and alcohol lay-
ers separated by a rather narrow diffusion zone. Then the water was again discharged until the alcohol solution 
penetrated into the channel. The motion of the solution toward the bubble resembled the motion of a tongue , 
which as it touched the bubble created the surface tension difference  along the free surface giving rise to the 
Marangoni convection. 
 
(a) 
 
 
(b) 
 
Fig. 1. (a) The scheme of the Fizeau interferometer: 1 – laser; 2 – microscope objective; 3 – semi-transparent mirror;  
4 – objective-collimator ; 5 – Hele-Shaw cell: parallel glasses which create a workspace of Fizeau interferometer; 6 – working space: 
bubble or drop in channel; 7 and 8 – video camera 
(b) Scheme of cuvette: 1 – aqueous solution of surfactant; 2 – bubble of the air; 3 – deionized water; 4 – drain hole for water;  
5 – the hole to creat a bubble 
 
Note that the interferometer was primarily designed for studying the concentration fields. In the isothermal 
case, the distribution of surfactant along wide side of Hele-Shaw cell was visualized as a system of interference 
fringes representing isolines of equal optical path length. If the content of surfactant in the solution changes only 
across the probing light beam, then each interference fringe can be identified with a certain value of concentra-
tion. For our cell a transition from one monochromatic interference fringe to another corresponded to a change in 
the concentration of isopropyl alcohol by 0.27 % in water. The interferometer can also be used to trace the evolu-
tion of flows in inhomogeneous solutions. Because of a very low diffusion (the corresponding Schmidt numbers 
Sc ~ 103) the concentration isolines turned “to be frozen” into the volume of the flowing fluid. 
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Based on the hypothesis about the accumulation of uncontrolled impurities on the free surface we can rea-
sonably suppose that their concentration is specified by the initial degree of water purification and cleaning of the 
cuvette, whose walls can be covered by a film of poorly soluble substance. Therefore, apart from the distillation 
apparatus used for primary water purification we used deionizer, which reduces the electrical conductivity of wa-
ter from 1.26 to 0.18 μS/cm by way of removing ionic impurities. Cuvette preparation involved mechanical 
cleaning of the cuvette walls with strong synthetic detergents, followed by a long-time flushing of the cuvette 
first with distilled and then with deionized water [7]. 
As a working fluid we used distilled water, which was passed three times through a deionizer, and aqueous so-
lutions of methyl CH3OH, isopropyl C3H7OH and amyl C5H11OH alcohols. All these alcohols belong to the ho-
mologous series of monoatomic alcohols and are considered to be the surfactants with reference to water. They 
are lighter than water, have close densities , and slightly different values of diffusion D in water and surface ten-
sion  (Table 1. [8, 15]). 
 
Table 1. Physico-chemical properties of surfactants 
Surfactants , g/cm3  , dyne/cm D, 10-5 m2/s  / C0 solubility g/100g H2O 
Methyl alcohol 0.79 22.2 1.32 2.3 100 
Isopropy l alcohol 0.78 21.0 1.20 25.6 100 
Amyl alcohol 0.81 25.4 0.86 71.6 2.7 
Water 1.00 72.2 1.00 - - 
 
Methyl and isopropyl alcohols completely dissolve in water, whereas the limiting solubility of amyl alcohol in 
water is 2.7 %. Beginning from isopropyl alcohol, the surface activity of alcohols 
= / at C 0 (1) 
is increased by a factor of 3.2 due to the increase of their molecular length after adding the methylene 
groupCH2. Thus, the use of homologs allows us to change purposely the surface properties of the surfactants, 
which specify the threshold value of concentration responsible for the development of capillary motion as well as 
the structure and intensity of the initiated flow [6, 16]. 
During tests the ambient temperature and the fluid temperature was (24  1) ° . 
3. Results 
3.1. Evolution of the concentration fields and flows 
The results of experiment showed that as in the case of local application of a surfactant onto the horizontal 
surface of water [6], the evolution of the solutal convection for selected alcohols was of highly pronounced 
threshold character. In our tests as in [3, 17], at the concentration difference higher than the threshold value the 
oscillatory flow modes were observed in all examined alcohols. 
Fig. 2 shows a series of interferograms describing the evolution of the concentration field near the bubble in 
the solution of isopropyl alcohol with the initial concentration C0. The interferograms are presented for a part of 
the channel (the bubble is located on the left). The left–hand column of interferograms illustrates the dynamics of 
the concentration field at C0, creating a concentration gradient , which is lower than the threshold value *. 
The right-hand column represents the evolution of the solutal convection at  > *. 
In particular, as it is evident from Fig. 2a–d at C0 = 5 % (  < *) the tongue  of the isopropyl alcohol so-
lution comes into contact with the bubble, forming along its surface the concentration gradient (and, accordingly, 
the surface tension gradient). However, the development of the capillary convection is not observed due to the 
presence of the adsorption film of the uncontrolled impurities on the surface. For initiation of the motion it is 
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necessary that the shear stress should be high enough to destroy this film. Such a stress can occur, for example, at 
the instant of time when the tongue  of the alcohol solution at C0 = 6 % (  > *) approaches the bubble sur-
face (Fig. 2e). In this particular case, an intensive flow is initiated 15.28 seconds after the tongue  touches the 
bubble surface. The flow is directed downward along the bubble surface, propagating into the region of lower 
surfactant concentration (Fig. 2f). In the course of time a vortex cell generated by this flow (Fig. 2g) entrains 
more and more surfactant, decreasing thus its density compared to the density of the surrounding solution. As a 
result, the cell begins to rise pushing the tongue  away from the bubble. 
 
 
Fig. 2. The evolution of the concentration field of isopropyl alcohol near the air bubble in the absence of the capillary convection  
( 0 = 5 %; t, s = 0 ( ), 13 (b), 30 (c), 105 (d)) and in the case of its initiation ( 0 = 6 %, t, s = 0 (e), 15.3 (f), 17 (g), 22 (h)). 
 
 
A comparison between the structures and dynamics of the initial cycles of the convective motion shows that 
they are nearly the same for all examined surfactants. Thus, the development of the capillary motion occurs at 
 > * (for methyl, isopropyl and amyl alcohols * is equal to 6.7; 3.5; 0.25 %; the value of * based on 
the results of the analysis of the interferograms). The only difference is that with the increasing surface activity of 
the alcohol (which is proportional to the length of its molecule) the shear stresses reach their threshold values at 
progressively decreasing concentrations of the surfactant. Due to this circumstance the difference in the densities 
between water and surfactant solution with a threshold concentration diminishes and, accordingly, the intensity of 
the buoyancy force reduces. This, in turn, causes a change in the shape of the concentration tongue , which is 
accompanied by a decrease in the velocity of its propagation in the channel. 
Specifically, at the threshold concentration of amyl alcohol (the density difference is  ~ 0.003 g/cm3) the so-
lution tongue  spreads almost over the entire section of the channel. As a result, it touches the bubble surface 
just at the center of the channel, which leads to the formation of two symmetric convective cells. However, inten-
sification of the motion causes a preferential development of the lower cell, so that during the following cycles 
the flow has a single-vortex structure. Besides, because of a low velocity of tongue  propagation the bubble 
should be placed practically in front of the channel entrance. Only in this way can the period of flow oscillations 
b 
c 
a e 
f 
g 
h d 
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be reduced and made comparable with the oscillation periods of alcohols whose molecule is of smaller length. 
Therefore, the distance between the bubble and the channel end is one further important parameter of the problem 
(like the distance of the surfactant drop to the free surface in the problem of the Marangoni convection caused by 
the localized source of a surfactant in a fluid [18]). 
3.2. Analysis of the oscillatory mode 
The formation of the oscillatory mode of the advective flow is governed by two mechanisms. One of them is 
responsible for breaking the stratification of the surfactant solution near the bubble and the other – for its recon-
struction. The intensity of the action of the first mechanism is defined by the surface activity of the surfactant and 
that of the second mechanism – by the difference in the densities of the surfactant solution near the bubble and at 
the entrance to the channel and also by the distance between these regions. Using the subdivision of the advective 
flow into two components according to the predominance of one of the two mechanisms we can analyze the de-
pendence of its characteristics, e.g. the oscillation period, on the surface activity of the surfactant. 
For the sake of simplicity let us introduce into our treatment several notions. The time interval between the 
moments of initiation of the capillary flows in two successive cycles is taken as a period of the advective flow. 
The time of the capillary flow will be defined as the time lapse between the beginning of the free surface motion 
and cessation of the flow inside the convective cell during one cycle. The difference in these characteristic times 
will be assumed as the time of the gravity – driven motion of the surfactant solution to the bubble surface in the 
form of the tongue . 
In our investigation we used solutions of alcohols with C0, which creates a concentration gradient, exceeding 
minimally the threshold value. The initial stage of the oscillatory motion is characterized by the solutal Grashof 
number Gr and Marangoni number Ma, which are equal to 146 and 8.4·106, respectively for the solution of 
methyl alcohol at 0 = 8 %, to 47.9 and 1.15·107 for the solution of isopropyl alcohol at C0 = 6 % and to 205.7 
and 2.06·107 for the solution of amyl alcohol at C0 = 0.3 %. The Grashof and Marangoni numbers are defined as 
4 2
0 / /Gr gC h C L , 
0.5* /cMa C bh D  (2) 
where L is the distance from the open end of the channel to the bubble. 
The Grashof number used in the problem differs from the traditional value by the normalization coefficient 
h/L, which is the ratio of the characteristic time of the rising convective cell to that of the inflow of the surfactant 
solution along the channel. The peculiarities of evaluating the Marangoni number will be discussed below. 
The analysis of the oscillatory mode is carried out for the case of isopropyl alcohol. Fig. 3a and 3b show the 
time variation of the flow oscillation period and histograms of the characteristic times versus the cycle number. 
As it is seen from Fig. 3b, the first few cycles are followed by a short-lasting decrease in the time of the capillary 
flow, which can be explained by the adsorption of alcohol on the bubble surface leading to a partial dissolution of 
the uncontrolled impurities and thus to a decrease in the concentration threshold. This results in a growth of in-
tensity of the capillary flow in the convective cell. Due to intensive stirring of the solution near the bubble the 
time of the influx of surfactant solution under the action of the buoyancy force increases and hence the oscillation 
period grows Fig. 3a. 
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(a) 
 
(b) 
 
Fig. 3. (a) Dependence of the oscillation period on time for isopropyl alcohol with initial concentration 0 = 6%. (b) Dependence of char-
acteristic times on cycle number for isopropyl alcohol with 0 = 6 %; 1 – time of predominance of capillary motion;  
2 – time predominance of of gravitation motion. The distance from the open end of the channel to the bubble is L = 20 mm 
 
The main part of the oscillatory mode is characterized by an invariably small value of the threshold and gradu-
ally increasing average concentration of the surfactant near the bubble and because of this at the same concentra-
tion difference the intensity of the capillary flow decreases (a relative change in the surface tension is decreased 
with an increase in the solution concentration). Due to a small variation of the solution density in the convective 
cell, the process of its rising slows down, which extends the time of the capillary motion. However, an increas-
ingly growing time of the capillary motion does not compensate for a reduction in the time of the influx of sur-
factant solution caused by a lower intensity of solution stirring, and as a result of these events the oscillation pe-
riod at this stage decreases. 
At the final stage of the oscillatory mode, the critical concentration difference still decreases. The times of 
predominance of the capillary and gravitational motions become comparable. In this case, the difference in the 
densities between the convective cell and the surrounding solution is so small that at some instant of time the ris-
ing cell is found to be unable to cut off completely the feeding flux of the surfactant. Since the directions of the 
capillary and feeding flows coincide, they support each other and after a while a quasi-stationary monotonic flow 
is formed in the channel. 
Fig. 4a and 4b present histograms of the oscillatory motion near the bubbles located in the solutions of methyl 
and amyl alcohols, respectively at a distance of 20 mm and 1 mm from the end of the channel. A comparison of 
histograms in Fig. 3b and Fig.4 shows that the time of capillary motion during the first cycle is practically the 
same for all alcohols and is equal to 3 – 4 seconds despite an essential difference in the surface activity. As it was 
mentioned above, intensification of the surface activity of alcohols manifests itself in a decrease of the critical 
concentration difference, which reduces the density difference causing the intensity of the gravitational motion to 
decrease. This results in a longer duration of the stage of the solution influx, which has the effect of increasing 
the oscillation period. On the other hand, a decrease in the distance to the open end of the channel reduces the 
time of the solution influx to the bubble surface, which leads to a growth of the oscillation frequency. It has been 
found that after a ten-fold decrease in the distance the period of the oscillatory motion in the solution of amyl al-
cohol is tree times less than in the isopropyl alcohol even though the characteristic times of the capillary motion 
are close. For comparison purposes, in the case of equal distances the oscillation period in the same solution of 
amyl alcohol is three times longer than in the isopropyl alcohol. 
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(a) 
 
(b) 
 
Fig. 4. Dependenece of time characteristics on number of cycle for methyl alcohol 0 = 10% (a) and amyl alcohol 0 = 0.4 %(b);  
1 – time of capillary motion; 2 – time of gravitation motion 
3.3. Dependence of the capillary flow characteristics on the surface activity of a surfactant 
In many problems of capillary convection the determination of the Marangoni number is based either on the 
use of the characteristic cavity dimensions or the size of the region of the surface tension inhomogeniety, defined, 
for example, by the diameter of the drop of surfactant solution introduced into the system. Since in the problem 
under consideration, the region of surfactant inhomogeniety practically coincides with the area of the air bubble, 
blocking the channel at one end, we used (bh)0.5 as a characteristic dimension. In [6], the threshold value of Ma* 
was defined using the minimum difference C between the initial contents of the surfactant in the drop and the 
base fluid, at which a capillary flow arises. In this case, the concentration of the solution in the drop was changed 
strictly stepwise, specifically for each alcohol. For a two-dimensional flow near the bubble in the channel this dif-
ference can be defined more accurately (by way of direct measurements of *). 
Fig. 5a illustrates variation of the threshold concentration with surface activity of the surfactant, which for al-
cohols of the homological series increases in proportion to the number N of methylene groups 2 in the mole-
cule of monoatomuc alcohol. Curve 1 represents the dependence of the critical values of the surfactant concentra-
tion for the Marangoni convection, occurring on the free horizontal surface of water in the case when a microdrop 
of a surfactant was applied on the side of a gas phase. Curve 2 corresponds to the threshold concentrations pro-
voking the onset of the Marangoni convection near vertical surface in a horizontal channel. 
Note that close spacing between curves 1 and 2 are actually of random character because the value of the con-
centration threshold depends not only on the surface activity of the surfactant, but also on the direction of surfac-
tant application on the free surface and on the characteristic dimension of the free surface (data for local applica-
tion of the surfactant were obtained for the cuvette 3.8 mm thick and 80 mm long). However, as it follows from 
work [6], a change in the direction of surfactant application on the free surface leads to a proportional change in 
the threshold value rather than a change in the form of the obtained relationship. Such a behavior of the relation-
ship can also be observed in the case of changing the characteristic dimensions of the surface. Therefore, the 
form of the relationship between the threshold concentration and the number of methylene groups in the surfac-
tant molecule obtained for a particular situation can be considered completely universal. 
Fig. 5b shows the dependence of the critical Marangoni number on the number of methylene groups in the sur-
factant molecule for the case of surfactant application on the horizontal (curve 1) and vertical (curve 2) surfaces 
of deionized water. In both cases the critical Marangoni numbers increase with the length of the surfactant mole-
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cule retaining yet the same order of magnitude despite of multiple increase of the surface activity. The existence 
of such weak dependence is explained by the absence of accounting for a change in the adsorbtion-desorption co-
efficient ratio as well as by a change of the surfactant ability to dissolve the film of uncontrolled impurities with 
the growth of the length of its molecule. 
 
(a) 
 
 
(b) 
 
 
Fig. 5. (a) Threshold concentration versus number of carbon atoms in the alcohol chain. Basic liquid: deionized water. (b) Critical Maran-
goni number versus number of carbon atoms in the alcohol chain. Basic liquid: deionized water. 1 – injection of a drop of the surfactant 
onto the free surface of water in cuvette b = 3.8 mm on the side of gas phase; 2 – flow of surfactant to curved surface of bubble (b = 1.2 
mm) 
 
4. Conclusion 
The use of alcohols belonging to the same homological series allows us to analyze the influence of the surface 
activity on the development and evolution of the oscillatory mode of the solutal convection near the bubble, 
blocking a rectangular channel with inhomogeneous solution of the surfactant. We have clarified the role of a 
previously unrecorded parameter [6, 7], namely, the distance from the bubble to the main bulk of the stratified 
surfactant solution. Subdivision of the oscillation period into two intervals associated with different driving 
mechanisms of motion led us to conclusion that the oscillatory mode terminates with a transition to a monotonic 
flow, not to a quiescent state, as we previously suspected proceeding form the analysis of interferograms [16]. 
The experiments conducted on this subject [6, 7, 16, 17] together with the results described in this work lend 
support to the basic conclusions of the Levich-Frumkin theory – the degree of non-Newtonian  character of the 
free surface increases with a growth of the concentration of surface-active impurities, a decrease in the surface 
area and increase in the ratio of the adsorption-desorption coefficients. The value of the last parameter strongly 
depends on the ability of the surfactant to destroy the adsorption film by way of its disoolution, which opens the 
way to take control of the capillary effect inside fluids with small characteristic dimension of the interface. 
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